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Objective: To determine the effect of physical activity on knee osteoarthritis (OA) development in persons
without knee injury and according to knee alignment.
Design: We combined data from Multicenter Osteoarthritis (MOST) and Osteoarthritis Initiative (OAI),
studies of persons with or at high risk of OA. Subjects had long limb and repeated posteroanterior knee
radiographs and completed the physical activity survey for the elderly (PASE). We studied persons
without radiographic OA and excluded knees with major injury and without long limb ﬁlms. We fol-
lowed subjects 30 months (in MOST) and 48 months (in OAI) for one of two incident outcomes: (1)
symptomatic tibiofemoral OA (radiographic OA and knee pain), or (2) tibiofemoral narrowing. ‘Active’
persons were those with PASE score in the highest quartile by gender. We examined risk of OA in active
group using logistic regression adjusting for age, gender, body mass index (BMI), Western Ontario and
McMaster Arthritis Index (WOMAC) pain score, Kellgren and Lawrence (KL) grade (0 or 1), and study of
origin. We also analyzed knees from malaligned and neutrally aligned limbs.
Results: The combined sample comprised 2,073 subjects (3,542 knees) with mean age 61 years. The
cumulative incidence of symptomatic tibiofemoral OAwas 1.12% in the active group vs 1.82% in the others
(odds ratio (OR) among active group 0.6, 95% conﬁdence interval (CI) 0.3, 1.3). Joint space narrowing
occurred in 3.41% of knees in the active group vs 4.04% in the others (OR among active group 0.9 (95% CI
0.5, 1.5)). Results did not differ by alignment status.
Conclusions: Physical activity in the highest quartile did not affect the risk of developing OA.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The relation of physical activity to the development of knee
osteoarthritis (OA) is an important clinical and public health issue.
Persons interested in preventing knee OA want to know if physical
activity either puts them at risk or protects them from disease and: Dr D.T. Felson, Boston Uni-
earch and Training Unit, 650
1-617-638-5180; Fax: 1-617-
n), niujp@bu.edu (J. Niu),
owa.edu (J. Torner), clewis@
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@psg.ucsf.edu (M.C. Nevitt).
s Research Society International. Phealth agencies worried about the epidemic of knee OA look toward
increased physical activity as a possible approach to prevent dis-
ease. Lastly those with early disease may seek out physical activity
regimens in the hope that activity would prevent them from
developing more advanced and more frequently, symptomatic
disease.
Unfortunately, literature examining the relationship of physical
activity to OA is conﬂicting at best. For example, some studies sug-
gest that those who are most active are at increased risk of devel-
oping knee OA13. Others show the opposite effect: that those who
are most active are at a signiﬁcantly decreased risk of developing
OA4e6. Lastly, there are studies that show no signiﬁcant association
between physical activity and the development of knee OA7e9.
How do wemake sense of these conﬂicting studies and arrive at
a valid estimate of the risk posed by physical activity? A meta-ublished by Elsevier Ltd. All rights reserved.
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such heterogeneity in the results of these studies that a meta-
analysis might not provide insight.
Biases could account for some of the ﬁndings. For example,
persons with early painful disease, who are therefore predisposed
to later/progressive disease, may limit their activity, making it
falsely appear that the lower activity level predisposed them to
develop/progress OA when it was in fact the existence of early
disease. Secondly, it is well known that major knee injury pre-
disposes to later knee OA and Sutton et al.8 have suggested that
sports activity is associated with later OA only because of its as-
sociation with major knee injury. Thus, failing to account for major
knee injury may reveal a spurious association of activity with knee
OA.
Particular study design biases may also contribute to our failure
to reveal the underlying association of physical activity with OA. In
recent work, we have described how collider bias10 has limited the
ability to detect risk factors for progressive disease. For example, in
large scale studies, obesity has increased the risk of incident knee
OA but not of progressive disease11. Any studies of physical activity
and its relation to progression of diseasewould be hampered by the
presence of collider bias which would make it difﬁcult to detect any
effects of physical activity on disease especially if those in the study
already had established disease.
Lastly, malalignment is a major risk factor for both incident12
and progressive knee OA13. Malalignment may increase the focal
load conferred by activity so that, in the context of malalignment,
any activity may be more likely to be injurious. Thus, the relation of
physical activity to knee OA incidence may be complicated by
whether the knee joint that is experiencing increased loads from
physical activity is malaligned.
Thus, there are many potential biases and study design con-
cerns, any of which could threaten the validity of any detected
association between physical activity and OA. To best reveal the
relationship between physical activity levels and the development
of OA, a study should adjust for the effects of knee pain and
exclude those with a history of substantial knee injury, a major
risk factor for OA. Because all knees with prevalent disease have
risk factors for disease, evaluating risk factors for progression
among OA knees is challenging because one is evaluating one risk
factor for progression among knees all of which have risk factors
for progression, so called collider bias10. To avoid collider bias a
study should focus on the development of early disease. To
examine effects of physical activity, it would be better to look both
at structural outcomes (radiographic disease) and symptomatic
outcomes as the effects of physical activity on these outcomes
may be different.
The Osteoarthritis Initiative (OAI) andMulticenter Osteoarthritis
(MOST) studies together offer a unique opportunity to carry out
these focused analyses. They are both very large cohort studies of
persons at high risk of knee OA. Both studies are large enough that
limiting analyses to subjects most likely to provide valid informa-
tion on physical activity effects still leaves enough subjects at risk of
OA that the effect of activity on disease incidence can be assessed.
Furthermore, both used the same tools to evaluate disease and to
assess physical activity using a well-validated, widely used activity
questionnaire. Lastly, both have similarly assessed alignment in-
formation that permits an evaluation of whether the effects of
physical activity differ by alignment status.
We examined the relationship of physical activity to knee OA
using data from both these studies.
Methods
Data was drawn from two cohort studies, MOST and OAI.MOST study
The MOST cohort includes persons with or at high risk of knee
OA recruited from the communities of Birmingham, Alabama and
Iowa City, Iowa. The goal of the studywas to evaluate risk factors for
incidence and progression of knee OA. 3,026 subjects aged 50e79
at baseline were recruited and studied at baseline and 30 months.
At each visit, weight and height were measured and PA and lateral
weight bearing radiographs obtained. Long limb radiographs were
acquired in all MOST subjects at the baseline visit as described
elsewhere12. Mechanical alignment (also known as HKA) was
measured to the nearest 0.1 on these x-rays with high inter-reader
reproducibility (ICC¼ 0.98) by readers trained by Dr Derek Cooke14.
The physical activity scale for the elderly (PASE)15, a well-validated
survey, was administered to all subjects at baseline. PASE comprises
measures of self-reported occupational, household, and leisure
activities during a 1-week period.
OAI
The OAI is a longitudinal cohort study of risk factors for inci-
dence and progression of OA. 4,796 subjects with or at high risk of
knee OA were recruited from four sites, Columbus, Ohio, Provi-
dence, Rhode Island, Baltimore, Maryland and Pittsburgh, Penn-
sylvania. Eligibility for OAI was similar to that of MOST with a few
exceptions: in OAI, the risk factors permitting eligibility to the
study were broader and the age range extended to as young as age
45. Assessments were similar to those in MOST except that they
were done annually during 4 years of follow-up. The other rele-
vant difference between OAI and MOST is that in OAI, long limb
radiographs using the same protocol as in MOST, were acquired at
the 12 month visit in most subjects, but if time did not permit,
these x-rays were acquired for some but not all subjects at later
visits. In OAI, knee radiographs were read and adjudicated by the
same team as in MOST using the same protocol. The same rule for
designating the presence of radiographic OA was used. Also, long
limb x-rays were measured using the same protocols and
personnel as in MOST.
Deﬁnition of variables
For examination of both MOST and OAI data and based on past
studies examining malalignment, we deﬁned malalignment as
mechanical axis of 2 or more in either varus or valgus direction on
a long limb x-ray. Neutral alignment was deﬁned as anything less
than 2 varus or valgus.
In MOST and OAI, subjects obtained posteroanterior weight
bearing knee radiographs using a Synaﬂexer frame (Synarc, San
Francisco, CA) to create a ﬁxed standardized knee position. This
protocol has been shown to provide reproducible estimates of
joint space and to provide consistency in terms of the image of the
knee over time16,17. X-ray readings for both studies were carried
out centrally at Boston University by a team of three readers (PA,
BS, DTF). For each subject, all of their x-rays were read together.
Each of two readers (PA, BS) read all x-rays from all subjects. If
there was a disagreement as to whether the knee at any time
point had radiographic OA (Kellgren & Lawrence Grade 2 or
greater) or if between time points, there was disagreement as to
whether there was a worsening of disease (deﬁned either as an
increase in Kellgren and Lawrence (KL) grade or as an increase in
joint space narrowing grade), the reading was adjudicated by a
panel of three experienced readers including the two who read
the ﬁlms and one other (DTF). A consensus reading was arrived at
when at least two of three readers agreed. Because of the large
change required in joint space width to progress a whole integer
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partial grade narrowing scoring system that allowed us to char-
acterize change in joint space width when that change was
clearcut but did not reach an integer change threshold (for details,
see18). For example, if a baseline knee had a medial joint space
score of 1 and medial narrowing had clearly progressed in a
subsequent image but the subsequent narrowing did not reach the
threshold for grade 2 narrowing according to the OARSI Atlas19,
then we gave that subsequent knee a partial grade (e.g., 1.5) be-
tween 1 and 2. In previous work18 we have validated these partial
grades by showing that they corresponded to risk factors for
progression, such as malalignment, or measures of worsening,
such as cartilage damage. We deﬁned medial or lateral progression
on the x-ray as present when there was at least a partial grade
change in its joint space from the knee x-ray acquired at the time
of the long limb x-ray to the later knee x-ray. Agreement was high
when the same knee ﬁlms were sent repeatedly by the OAI
coordinating center (for medial joint space grade, weighted
kappa ¼ 0.75, P < 0.0001 and for lateral grade, weighted
kappa ¼ 0.86, P < 0.0001).
Knees eligible for this study
All subjects in both studies were asked about “any history of
knee injury sufﬁcient to limit your ability to walk for at least 2
days.” Because of the likelihood that previously injured knees
would be at high risk of OA with activity, we removed knees that
were reported as having sustained a prior injury. To reduce the
possibility of collider bias, we excluded knees whose radiographs
showed OA at baseline (KL grade 2 or greater). Those with TKR’s at
baseline or during follow-up were also removed as they could not
reach our endpoints. Because of our interest in examining whether
the effect of physical activity differed across strata of malalignment,
we limited analyses to subjects who had acquired long limb ﬁlms as
part of their participation in MOST and OAI.
Analysis approach
Since our goal was to avoid analyzing the decrease in physical
activity which may be a consequence of knee pain, and yet we
wanted to evaluate effects of physical activity even in those with
some knee pain, we adjusted for the severity of knee pain in our
analyses by adding the knee speciﬁc WOMAC pain score as a co-
variate. Additional analyses in which we excluded all those with
non-zero WOMAC scores yielded the same ﬁndings, albeit with
fewer outcomes and wider conﬁdence limits.
We tested two outcomes, one a structural outcome and the
other a symptom-based one. For the structural outcome, we used
any increase (narrowing) of the knee joint on the x-ray in either
medial or lateral joint using the semiquantitative central readings.
For the symptom outcome, we used the new onset of symptomatic
knee OA deﬁned as the new combination of frequent knee pain and
radiographic OA (KL grade 2) in knees that were KL grade 0 or 1 at
baseline. We deﬁned the baseline for this study as the exam at
which long limb ﬁlms were acquired (at baseline for MOST, for the
majority of subjects, at 12 months for OAI but varied). We then
followed subjects for OA outcomesdfor 30 months for MOST and
48 months for OAI.
To examine the relation of PASE score with OA outcomes, we
used logistic regression analyses in which other independent var-
iables were age, sex, BMI, WOMAC pain score, baseline KL grade (0
or 1) and in analyses that combined data from both studies, study of
origin (MOST or OAI). We carried out analyses of PASE scores using
sex speciﬁc quartiles. To adjust for the correlation between knees,
we used generalized estimating equations.Results
In the MOST study, 1,364 subjects with 2,360 knees met our in-
clusion criteria and in the OAI, 709 subjects (1,182 knees) did so (see
Fig. 1). All subjects did not contribute two knees since some knees
had a history of major knee injury. The mean age in both groups was
a little over 61 years and most of the subjects were female (see
Table I). Themean bodymass indexwas slightly higher inMOST than
in OAI (mean 29.3 for the subjects inMOST in this analysis vs 27.4 for
OAI subjects). Most of the knees to be tracked started out with KL
grade 0 disease. Roughly half of these knees were not painful at all at
baseline in that they had WOMAC scores of 0. A little less than 50%
were neutrally aligned. When we examined the PASE scores of the
people whose knees were involved in this study, we found that the
highest quartile scores tended to be lower on average in women
(>208.1) than in men (>248), and we took the highest quartile on a
sex-speciﬁc basis for our subsequent analyses.
The proportion of those in the highest quartile of physical activity
and their likelihood of developing incident tibiofemoral symptom-
atic knee OA is shown in Table II. Only 1.8% of those in the lowest
three quartiles developed this outcome vs 1.12% in those in the upper
quartile. This translated into a slight protective effect of high physical
activity (adjusted odds ratio, 0.6), a ﬁnding which did not reach
signiﬁcance (P ¼ 0.18). When we examined joint space loss, deﬁned
as an increase in semiquantitative measurement of joint space over
time (see Table III), we found that the proportion of knees with joint
space loss in the lowest three quartiles of the PASE score (the least
active 75%) was 4.04% of knees. This compared to 3.41% of knees in
the persons that were most active. This translated into an adjusted
odds ratio for joint space loss of 0.9 (95% CI, 0.5, 1.5).
Additional analyses in which we examined the incidence of OA
outcomes across all PASE quartiles showed no relation of PASE
scores with any of these outcomes either by sex or combining
genders (data not shown).
We then examined whether the effect of physical activity was
different in those whose knees showed malalignment vs those
without malalignment. After examining data to conﬁrm that the
effects in varus and valgus knees were similar, we combined the
data on knees that were malaligned in either direction. Among
malaligned knees, we found that rates of incident tibiofemoral
symptomatic OA (see Table IV) were similar in those with high
levels of physical activity vs those in the 75% most sedentary group.
Speciﬁcally, 1.97% of knees in the more sedentary group developed
incident symptomatic knee OA vs 1.61% of knees in the more active
group (adjusted odds ratio, 0.9; 95% conﬁdence interval 0.3 2.4).
When we looked at those in the neutrally aligned group, the more
sedentary group had a cumulative incidence rate of 1.64% vs 0.55%
in the active group, which translated into an adjusted odds ratio of
0.3 suggesting a possible protective effect of activity in those with
neutral alignment. The conﬁdence bounds however were wide (0.1,
1.2) in part because of the small number of incident cases in
neutrally aligned knees, and results did not reach statistical sig-
niﬁcance (P¼ 0.09). Among thosewithmalalignment, high levels of
physical activity did not confer any increased or decreased risk of
worsening joint space loss compared to lower activity levels (see
Table IV). Speciﬁcally, the adjusted odds ratio for high levels of
physical activity was 0.9 (95% CI 0.5, 1.8). Similarly for men and
women whose limbs were neutrally aligned, physical activity
conferred neither an increase nor a decrease in risk of joint space
loss (adjusted odds ratio, 1.0; 95% CI 0.4, 2.3).
Discussion
In two large studies with longitudinal follow-up of persons at
high risk of OA, we did not ﬁnd any association between high levels
Fig. 1. Subjects in this analysis.
Table I
Description of sample from MOST and OAI in this study at the time of the long limb
examinations (knees with KL 2 or greater or with a history of injury were excluded)
MOST and OAI
(N ¼ 2,073 subjects,
3,498 knees)
MOST (1,364
subjects, 2,316
knees)
OAI (709
subjects,
1,182 knees)
Age at baseline  s.d. 61.2 (8.4) 61.0 (7.9) 61.7 (9.4)
Sex (% female) 1,206 (58.2) 810 (59.4) 396 (55.9)
BMI (mean  s.d.) 28.7 (4.9) 29.3 (5.0) 27.4 (4.6)
Percentage of knees with
KL 0
2,620 (74.9) 1,791 (77.3) 829 (70.1)
With KL 1 878 (25.1) 525 (22.7) 353 (29.9)
Percentage of knees with
all WOMAC pain with
score of 0
1,693 (48.8) 1,013 (44.3) 680 (57.9)
Percentage of limbs with
neutral alignment
1,565 (45.1) 980 (42.6) 585 (50.0)
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was physical activity associated with worsening of the radiograph
in early disease as evidenced by joint space loss. Our intention in
this set of analyses was to circumvent biases from previous studies
which might have made it impossible for previous investigators toTable II
The relation of high PASE score with the development of incident tibiofemoral
symptomatic knee OA in MOST and OAI knees
Sex-speciﬁc
PASE quartile
N of
knees
N (%) of
increase of
incident
TF ROA
Crude
OR
Adjusted
OR*
P-value
Men and women
Lower 75% 2,435 44 (1.8) 1.0 1.0
High (upper 25%) 807 9 (1.1) 0.6 (0.3, 1.4) 0.6 (0.3, 1.3) 0.18
* Adjusting for age, sex, BMI, WOMAC pain and KL grade and study of origin.
Table III
The relation of high PASE score with joint space loss in MOST and OAI
Sex-speciﬁc PASE
quartile
N of
knees
N (%) of
increase
of JSN
Crude OR Adjusted
OR*
P-value
Men and Women
Lower 75% 2,374 96 (4.0) 1.0 1.0
High (upper 25%) 792 27 (3.4) 0.8 (0.5, 1.3) 0.9 (0.5, 1.5) 0.71
* Adjusting for age, sex, BMI, WOMAC pain and KL grade and study of origin.
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data from two of the largest cohorts ever studied at risk of OA, both
of them with careful and standardized follow-up and failed to ﬁnd
any suggestive relationship with the development of OA.
It is unclear why our ﬁndings differ from those of other studies,
although a number of studies (cited above) also have reported no
association of physical activity with OA. A recent magnetic reso-
nance imaging (MRI)-based study suggested that physical activity
as assessed by accelerometry was associated with an increased risk
of OA in initially unaffected persons20, but a similar study done by
members of the same investigative group and reported several
years earlier reported opposite ﬁndings, that physical activity
prevented MRI ﬁndings of OA21.
One explanation for these conﬂicting studies may be that
different types of physical activities pose different risks of knee
injury or of protection against disease. For example, in one of the
studies in which there was a reported association between high
levels of physical activity and OA2, the physical activity being
studied was running and those found to have a high risk of OA ran
more than 20miles per week. Certainly this is well beyond the level
of physical activity carried out by most of our subjects. In one of the
studies suggesting that physical activity protected against the
development of severe knee OA4, only recreational activity was
assessed and it was evaluated over the lifetime rather than just at
one time point. In general, that exercise did not consist of running
so that it might have been less than was studied by Cheng et al.
above. Other reasons for disparate ﬁndings include the use of
different OA outcomes; some studies used self-reported OA, others
used knee replacement and yet others used MRI or radiographic
outcomes and it is possible that the effects of physical activity differ
by outcome studied.
It is also conceivable that survey instruments may inaccurately
reﬂect the actual physical activity carried out. Indeed, a recent
study suggests that accelerometry may more accurately reﬂect
daily activities than do survey instruments, although surveys areTable IV
The relation of high PASE score with knee outcomes by whether the limb was malaligne
Sex-speciﬁc PASE quartile N of knees N (%) of incident TF S
INCIDENT TIBIOFEMORAL SYMPTOMATIC KNEE OA
Men and Women, varus 2.0 or valgus 2.0
Lower 75% 1,323 26 (2.0)
High (upper 25%) 434 7 (1.6)
Men and Women, Neutral 1.99 to 1.99
Lower 75% 1,096 18 (1.6)
High (upper 25%) 363 2 (0.5)
JOINT SPACE LOSS
Men and Women, varus 2.0 or valgus 2.0
Lower 75% 1,296 59 (4.5)
High (upper 25%) 427 15 (3.5)
Men and Women, Neutral 1.99 to 1.99
Lower 75% 1,062 36 (3.4)
High (upper 25%) 355 12 (3.3)
* Adjusting for age, sex, BMI, WOMAC pain and KL grade and study of origin.better at getting at longer term activity levels and are the only way
of assessing relatively uncommon activities and their effects on
disease. We suspect that the main reason for the great difference
between studies is because of the different types and intensities of
physical activity that have been evaluated in these studies and
because of the time frame of physical activity during a lifespan.
We studied the upper quartile of physical activity among our
subjects, and PASE scores in our cohorts corresponded roughly to
those previously published for those in the age range of interest
(50’se70’s). The median scores on PASE for women in our highest
quartile were roughly 250 and roughly 300 for men. Scoring the
PASE is complicated but a person working 40 h a week in a job
involving sitting or standing with some walking, who also walks
outside the home 1e2 h a day occasionally, who may seldom golf
and has done light housework or lawn work in the past 7 days
would achieve a score in this high range15. The most common
combined activities accounting for high PASE scores tend to involve
walking, lawn work or yard care, light or heavy housework, and a
job involving standing or walking. In the age range of subjects we
studied, high scores are unlikely to be related to extensive sports
participation.
There are a number of important limitations to our study. First,
in the future such studies may need to be done using accelerometry
to provide accurate assessments of at least short-term activity.
Second, it may be easier to detect effects on knee structure by
carrying out MRIs although doing so in a large number of subjects is
obviously expensive. Third, our follow-up may not be long enough
to detect effects of activity on disease. Fourth, our results may not
generalize to persons who are different from those in OAI and
MOST. For example, physical activity may have different and
measurable effects on OA in those in the general population not at
high risk of OA. Lastly, even though we studied two very large co-
horts with lots of persons at risk, we were ultimately limited by
small numbers of incident events, especially for symptomatic OA,
and this constrained our ability to say anything deﬁnitive about
effects of physical activity on this particular outcome. We did not
have enough cases to examine effects of physical activity in limbs
with moderate to severe malalignment, although we note that this
degree of malalignment is distinctly uncommon in persons without
knee OA, as it usually develops as a consequence of OA. For the
structural outcomes, there were a sufﬁcient number of events to
say that physical activity had little if any effect.
In summary, in a combined sample of two very large cohorts at
high risk of OA, wewere unable to ﬁnd any relation of high levels of
community-based physical activity with the development of OA
either by radiograph or by symptoms.d
xOA Crude OR Adjusted OR* P-value
1.0 1.0
0.8 (0.3,2.1) 0.9 (0.3,2.4) 0.83
1.0 1.0
0.3 (0.1, 1.4) 0.3 (0.1, 1.2) 0.09
1.0 1.0
0.8 (0.4, 1.4) 0.9 (0.5, 1.8) 0.84
1.0 1.0
1 (0.5, 2) 1 (0.4, 2.3) 0.99
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